Indentation study on the pressure sensitivity of a ZR-based bulk metallic glass by Lin, Jianguo et al.
MATERIALS FORUM VOLUME 31 - 2007 
Edited by J.M. Cairney and S.P. Ringer 
© Institute of Materials Engineering Australasia Ltd 
 
139 
INDENTATION STUDY ON THE PRESSURE SENSITIVITY OF A 
ZR-BASED BULK METALLIC GLASS 
 
J.G. Lin, H.W.  Xie, Y.C. Li, P.D. Hodgson and C.E. Wen 
 
Centre for Material and Fibre Innovation, Deakin University, Geelong, Victoria 3217, Australia 
 
ABSTRACT 
 
Spherical indentation test was conducted on as-cast and annealed Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk metallic glass, and the 
evolution of the morphology of the deformation zone of indents upon annealing was investigated. The DSC traces of the 
as-cast and annealed samples show that the enthalpy change at the glass transition, ∆H, decreases with the increasing of 
annealing temperature, indicating the reduction of the free volume upon annealing. The morphology of the indents 
implies a reduced shear band activity in the annealed samples. The included angles (2θ) between two families of shear 
bands emanating from the edge of spherical indent in the as-cast and the annealed samples were measured to be in the 
range of 88-79°, which decrease with the increasing of annealing temperature, indicating pressure sensitive plasticity in 
the as-cast and annealed samples. By Mohr–Coulomb criterion, the pressure sensitive index, α, can be obtained on the 
basis of the measured 2θ. The sensitivity index increases with increasing temperature, implying an increase of “atomistic 
friction” due to the reduction of the free volume upon annealing. 
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1. INTRODUCTION 
 
In the past decades, bulk metallic glasses (BMGs) have 
gained wide attention in a variety of engineering 
applications because of their excellent physical, chemical, 
and mechanical properties, in particular, extremely high 
strength, low elastic modulus and high corrosion 
resistance [1,2]. A thorough understanding of mechanical 
behaviour of BMGs becomes a logical consequence of an 
attempt to make better use of these materials. It has been 
well documented that the plastic behaviour of BMGs is 
markedly different from that of crystalline metals. 
Normally, BMGs deform by the formation of localized 
shear bands and display little plasticity before fracture at 
room temperature [3-6]. In particular, based on the 
response of many BMGs under different states of stress 
(tension, compression, etc.), it has been deduced that 
their plastic yielding is affected by the local normal 
stress.  
 
This behaviour can be explained by assuming a 
pressure-dependent yield criterion. Consequently, the 
Mohr-Coulomb yield criterion has been suggested to 
describe the yielding in BMGs [7-10]，i.e., τy =τ0-ασn, 
where τy is the effective shear yield stress, τ0 is a constant, 
and α is a system specific coefficient (pressure sensitive 
index). Moreover, the nucleation and propagation of 
shear band is thought to be closely related to the free 
volume, which is frozen in as the liquid is fast cooled 
through glass transition temperature, Tg [11, 12]. Thus, 
investigating the effect of free volume on the 
morphological characteristics of shear band and pressure 
sensitive index will be benefit to further understanding of 
plastic behaviour of metallic glasses. In the present work, 
indentation tests were conducted on a metallic glass, 
Zr41.2Ti13.8Cu12.5Ni10Be22.5, in both the as-cast and 
annealed states, and the evolution of the morphology of 
the deformation zone of indents was discussed by 
considering the effect of free volume on the pressure 
sensitivity index into account. 
 
 
2. EXPERIMENTALS 
 
A Zr-based bulk metallic glass with the nominal 
compositions of Zr41.2Ti13.8Cu12.5Ni10Be22.5 was prepared 
by melting pure metals in an argon atmosphere and then 
chill-casting into a copper mould with a diameter of 5 
mm. The samples were isothermally annealed under 
vacuum at 523 K and 573 K for 12 h, and at 593 K and 
633 K for 1 h, respectively. The structure of the as-cast 
and annealed samples was characterized by X-ray 
diffraction (XRD). Thermal analysis was performed by 
differential scanning calorimetry (DSC) under argon 
atmosphere at a heating rate of 0.33 K/s.  
 
Rockwell indentation experiments were conducted using 
a Wilson indenter with θ = 60˚. The applied load ranged 
from 294 N to 980 N. Prior to the indentation tests, the 
samples were polished by successive polishing steps to 1 
µm finish using diamond pastes. Optical microscopy and 
scanning electron microscopy (SEM) were used to study 
the morphology around the indents. 
 
 
3. RESULTS 
 
Figure 1 shows the XRD patterns obtained from the 
as-cast and the annealed samples. The as-cast alloy 
exhibits a diffuse halo, characteristic of a glassy structure. 
Annealing under the given conditions does not change 
the XRD pattern significantly, indicating that no 
perceptible crystallization occurs during the annealing. 
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The DSC thermograms of the as-cast and the isothermal 
annealed samples are shown in Figure 2. The DSC trace 
of the as-cast alloy indicates that the glass transition 
temperature, Tg, is 623 K and a supercooled liquid region 
spans 80K before the onset of crystallization at 703 K. 
These values agree well with the reported results of the 
same alloy [11]. Similar to the XRD scans, a comparison 
between the DSC scans obtained from the as-cast and the 
annealed samples shows no obvious difference. However, 
closer examination of the glass transition regime 
(indicated by the dotted box in Figure  2(a) and shown 
magnified in Figure  2(b)) reveals subtle but systematic 
changes at about 650 K. A sharp exothermic peak is 
observed for the as-cast glass prior to the endothermic 
reaction caused by glass transition, and the exothermal 
enthalpy is about 18 J/g. With the increase of the 
annealed temperature, the height of exothermic peak 
reduces gradually. After 523 K (12 h), 573 K (12 h), 593 
K (1 h) and 633 K (1 h) annealing, the exothermal 
enthalpy is 13 J/g, 7.2 J/g, 8.4 J/g, 2.7 J/g, respectively. 
This means that annealing at 633 K for 1 hour leads to the 
reduction of exothermal enthalpy by 85 % with respect to 
that of the as-cast sample. 
 
The exothermic peak prior to Tg during DSC 
measurements is known to be caused by the structural 
relaxation well below glass transition temperature 
[11-16]. It has been well documented that the exothermic 
enthalpy is the result of annihilation of excess free 
volume, ∆Vf. The reduction in the free volume ∆Vf gives 
rise to heat release ∆H, when the glass sample is heated in 
DSC, and ∆H is proportional to ∆Vf [11-16]. Hence, it is 
possible to estimate the free volume changes that occur 
during annealing by monitoring ∆H [11-16]. From Figure  
2(b), it can be seen that ∆H gradually decreases due to the 
reduction of free volume upon structural relaxation 
annealing. 
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Figure 1 X-ray diffraction patterns of the as-cast and 
annealed samples 
 
Figure 3 shows the optical micrographs of the Rockwell 
indentation obtained from the as-cast alloy and annealed 
samples indented with the loads 980 N and 588 N, 
respectively. When the as-cast sample is indented with 
980 N load, two morphologically distinct shear bands can 
be seen: one is in circular shape; the other is radial, which 
resembles that of logarithmic spirals, emanating from the 
edge of the conical indent (as shown in Figure  3(a)). 
Figure  3(b) and (c) show the indentation images obtained 
from the samples annealed at 573 K for 12 h and 633 K 
for 1 h, respectively. The annealed samples show only 
logarithmic-spiral like shear bands but no circular shear 
bands in activity. Careful counting the radial shear bands 
indicates that annealing at 573 K for 12 h and at 633 K for 
1 h leads to the decrease of shear band number by 30 % 
and 70 %, respectively compared to that of the as-cast 
sample. The correlation of the change of exothermic 
enthalpy ((∆H0-∆H)/∆H0, where, ∆H0 is exothermic 
enthalpy of the as-cast sample) and the change of shear 
band number upon annealing at various temperatures and 
duration ((N0-N)/N0; N0 is the shear band number for the 
as-cast sample) are illuminated in Figure 4. It can be seen 
that the decrease of shear bands number is nearly 
consistent with the change of enthalpy in our 
experiments. 
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Figure 2 (a) DSC curves of the as-cast and annealed 
samples; (b) Enlarged view of the glass transition regime 
(shown by the dotted box in Figure  2(a)) 
 
Furthermore, the included angles (2θ) between two 
families of shear bands emanating from the edge of 
Rockwell indent in as-cast and annealed samples are 
measured (Figure 5) and listed in Table 1. The angle 2θ 
in the as-cast sample is about 88°, a little smaller than that 
in the pressure insensitive material obeying von Mises 
yield criterion (the includes angle between the maximum 
shear direction would be 90°). The angle 2θ in the 
(a)
(b) 
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annealed samples is in the range of 87° to 79°, and 
exhibits a downward trend with the increase of the 
annealing temperature. Such spiral shear bands had been 
found around spherical indentation on other BMGs using 
an automated ball indentation technique. 
 
 
 
 
 
 
 
Figure 3 Optical micrographs of indents after 
indentation tests for as-cast sample (a), and sample 
annealed at 573 K for 12 h (b), and at 633 K for 1 h (c) 
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Figure 4 The correlation of the change of exothermic 
enthalpy with the change of shear band numbr. 
 
Trichy [17] and Tang [18] observed the included angle 
between two families of shear bands emanating from the 
edge of a spherical indent in Zr-based BMGs, wherein 
the included angle between intersecting slip lines was 
about 88° in the as-cast samples. 2θ value of the as-cast 
sample in our results is consistent with their results. The 
angle in the as-cast samples approaches 90°. This means 
that the shear bands appear to be associated with the 
plane of maximum shear stress, indicating a pressure 
non-sensitivity of the as-cast Zr-based metallic glass. 
However, 2θ value decreases with increasing annealing 
temperature in our work. 2θ ranges from 87° to 79°, 
demonstrating that shear banding does not follow the 
plane of maximum shear stress. The deviation of shear 
band angle from maximum shear planes means that the 
normal stress influences the shear planes, indicating the 
pressure sensitivity of shear deformation in the annealed 
samples. This pressure sensitivity may be caused by the 
structural relaxation well below glass transition 
temperature.  
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Figure 5 The included angles 2θ of different samples 
after indentation tests: (a) As-cast (980 N); (b) Annealed 
at T =573 K, t=12 h (588 N); (c) Annealed at T =633 K, 
t=1 h (588 N) 
 
Table 1 The sensitivity index of as-cast and annealed 
Zr42.2Ti13.8Cu12.5Ni10Be22.5 BMGs 
 
 as-cast 523 K (12h) 
573K 
(12h) 
593K 
(1h) 
633K 
(1h) 
2θ 88 87 84 82 79 
α 0.035 0.052 0.105 0.140 0.194 
 
 
4. DISCUSSION 
 
The results above show clearly that the deformation and 
the morphologies of the shear band around the indents are 
strongly dependent on the structural relaxation of the 
BMG, i.e., on the free volume fraction in the BMG. 
According to the previous study [19], the near-surface 
stress state for spherical indentation is biaxial 
compression, (σ1, σ2) where the radial compressive stress 
σ1 is significantly larger in magnitude than the tangential 
compressive stress σ2. Since (σ1, σ2) = (σ1- σ2, 0) + (σ2, 
σ2), the biaxial stress state is equivalent to uniaxial 
compression in the radial direction superposed with 
hydrostatic stress. The latter produces an angular 
invariant normal stress σn. Therefore, the slip line angle θ 
with respect to the radial loading direction is equal to the 
shear bend angle with respect to the applied loading axis 
in the uniaxial compression test. 
 
For the uniaxisal compression, the normal stress σn and 
shear stress τc on the fracture surface can be expressed as: 
2sin ( )n cσ σ θ=                                  (1) 
sin( )cos( )c cτ σ θ θ=                          (2) 
where σn is the compressive stress and θ the fracture 
angle. Recent studies [7-11] revealed that metallic 
glasses exhibit hydrostatic pressure dependent plastic 
behavior, and the MC criterion has been suggested as an 
alternative description of the yield behavior of these 
materials. Therefore, the normal stress-dependent yield 
criterion (i.e., the Mohr–Coulomb criterion) should be 
introduced to express the compressive shear stress:             
0y nkτ ασ= +                                 (3) 
where k0 is the cohesive strength of material and α is a 
normal stress coefficient of metallic glasses that reflects 
the effect of the normal stress. By substituting Eq. (1) and 
Eq. (2) into Eq. (3), one gets: 
)sin(cossin
0
θαθθσ −=
k
c
                  (4) 
The deformation should occur at the minimum stress that 
corresponds to the measured include angle. According to 
Eq. (4), the following equation can be deduced: 
0
2
)2sin()2cos()/1(
0
=−=
kd
d c θαθ
θ
σ
    (5) 
Thus, we have  
)2sin(
)2cos(
θ
θα =
                                     (6) 
Substituting the measured included angles between two 
family shear bands, one can determine α value. 
 
On the basis of the experimental data of 2θ  measured in 
the present study (listed in Table1), the corresponding 
pressure sensitive index α, can be calculated, which are 
also listed in Table1. For the current BMG, after 
annealing at the temperatures of 523 K (12 h), 573 K (12 
h), 593 K (1 h) and 633 K (1 h), the annealed samples 
exhibit the pressure sensitive indexes of 0.035, 0.052, 
0.105, 0.140 and 0.194, respectively. Obviously, the 
pressure sensitive index of the alloy increases with the 
increase of annealing temperature. It can be attributed to 
the reduction of the free volume upon annealing. 
 
Physically, the form of equation (3) was originally 
proposed for granular materials, where the σn term arises 
from the geometric rearrangement of sliding particles and 
the friction between them, thus α is an effective 
coefficient of friction. While the relative motion of 
randomly packed atoms in a metallic glass is analogous 
to that of randomly packed particles in a granular solid 
[20, 21]. In light of it, Schuh [8] set up an atomistic basis 
for the plastic yield criterion of metallic glass, in which, 
he suggested that the normal stress effect on the 
deformation in metallic glass lies in the principle of 
“atomistic friction”, as embodied in the Mohr-Coulomb 
criterion.  
 
Generally speaking, annihilation and redistribution the 
free volume defects play an important role for the 
properties of the glass [22-23]. Metallic glass prepared by 
rapid solidification contains excess quenched-in free 
volume content, and the higher the cooling rate, the more 
the excess free volume. However, when the amorphous 
alloy is annealed, structural relaxation occurs in the 
chemical short-range order (CSRO) and of topological 
short-range (TSRO). It is now well known that a motions 
corresponding to yield motions are co-operative which 
implies several correlated space limited motions. The 
molecular mobility reduced by the decrease of free 
volume. In addition, previous studies [24-25] showed, 
firstly that co-operative molecular motions leads to 
yielding and, secondly that free volume or the 
concentration of defect sites decrease; this leads to an 
increase of “atomistic friction”. Donovan [26] suggested 
that a large value of 2θ could be associated with large 
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groups of atoms that act cooperatively as structural units 
during localized shear. This structural relaxation process 
is associated with redistribution and reduction of 
quenched-in free volume, leading to an increase of 
“atomistic friction”. As a result, the nucleation and 
propagation of shear band become difficult, which is 
reflected by the increased pressure sensitive index α 
 
Further examination of the indents reveals that the 
branching of shear band also exhibits different feature in 
the as-cast and annealed samples. In the as-cast sample, 
secondary shear band forms, when the load is 588 N 
(Figure  5(a)). In contrast, secondary shear bands do not 
appear in the sample annealed at 573 K for 1 h indented 
under the same load. Alternatively, the fine and dense 
primary shear bands appear, as seen in Figure  5(b). This 
implies that the propagation of shear band becomes 
difficult upon annealing. 
 
 
 
 
 
 
Figure 5 Shear band branching of the BMG, (a) as-cast 
(P=588N); (b) annealed at 573K (P=588N) 
 
 
5. CONCLUSION 
 
Effect of annealing on shear band features and stress 
sensitivity index of Zr41.2Ti13.8Cu12.5Ni10Be22.5 bulk 
metallic glass was investigated by Rockwell indentation 
tests. The included angles (2θ) between two families of 
shear bands emanating from the edge of Rockwell indent 
decrease from 88° for the as-cast sample to 79° for the 
sample annealed at 633 K for 1 h, indicating a pressure 
sensitive plasticity. The pressure sensitive index deduced 
from 2θ increases with increasing relaxation degree, 
indicating an increase of “atomistic friction” due to the 
reduction of the free volume upon annealing. 
Furthermore, shear bands in relaxed sample exhibit less 
activity compared to that in the as-cast sample. 
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